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We use coherent-mode representation of partially coherent fields to analyze correlated imaging with classical
light sources. This formalism is very useful to study the imaging quality. By decomposing the unknown object
as the superposition of different coherent modes, the components corresponding to small eigenvalues cannot be
well imaged. The generated images depend crucially on the distribution of the eigenvalues of the coherent-
mode representation of the source and the decomposition coefficients of the objects. Three kinds of correlated
imaging schemes are analyzed numerically.
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I. INTRODUCTION

Correlated imaging, also known as ghost imaging or co-
incidence imaging, attracts much attention in recent years
�1–17�. In a correlated imaging experiment, by correlating
the intensity fluctuations of two spatially correlated beams
that travel through two different imaging systems, an un-
known object in one of the imaging systems can be nonlo-
cally retrieved on the detector of the other imaging system.
Though the experimental demonstration of correlated imag-
ing was first realized with entangled photons generated by
spontaneous down conversion �2,3�, it is now widely ac-
cepted that both classical thermal sources and quantum en-
tangled beams can be used for correlated imaging �1,6–10�.
Classical correlated imaging experiments have been success-
fully demonstrated with both pseudothermal light and true
thermal light �11–13�. Very recently, lensless ghost imaging
�14,15� and lensless ghost diffraction �17� schemes have
been demonstrated experimentally.

The present theory on classical correlated imaging is
based on the integral representation, which have been de-
rived from both quantum optics and statistical optics �6–8�.
In the second order coherence theory of optical fields �18�, it
is well known that the cross-spectral density function of the
source can be decomposed into a linear superposition of a
series of coherent modes. In other words, if the source is
quasimonochromatic, as in most experiments, there is also a
decomposition of the second-order correlation function of
the source into coherent modes. In this paper, we use the
coherent-mode representation of partially coherent fields to
analyze correlated imaging with a classical light source. This
method is particularly suitable for evaluating the imaging
quality and retrieving unknown information.

The paper is organized as follows. In Sec. II, we give the
theoretical formulas and use them to analyze three kinds of
correlated imaging schemes. Then numerical examples are
simulated and discussed in Sec. III. Finally, conclusions are
presented in Sec. IV.

II. THEORY

A simplified classical correlated imaging system is shown
in Fig. 1. A partially coherent classical beam is divided into

two correlated beams by the beam splitter BS. These two
beams then propagate through two different imaging sys-
tems, characterized by their impulse response functions
ht�x1 ,yt�, hr�x2 ,yr�. An unknown object is included in the test
system ht, while the reference system hr is fully known. By
measuring the correlation function of intensity fluctuations in
two different detectors Dt and Dr, we can retrieve the image
of the object, which is proportional to �6–8�

G�yr,yt� = ��Ir�yr��It�yt��

= �� dx1dx2��x1,x2�ht
*�x1,yt�hr�x2,yr��2

, �1�

where ��x1 ,x2� is the second-order spatial correlation func-
tion of the quasimonochromatic source. �¯� denotes the sta-
tistical average, and �Ik�yk�= Ik�yk�− �Ik�yk��, with k= t or r.
To avoid confusion, in this paper, we use symbol x1,2 as the
coordinates for the source, and yr,t as the coordinates for the
detectors.

From the optical coherence theory, ��x1 ,x2� can be ex-
pressed in the coherent-mode representation �18�

��x1,x2� = 	
n

�n�n
*�x1��n�x2� , �2�

where �n are the eigenvalues and �n�x� are the eigenfunc-
tions of the homogeneous Fredholm integral equation
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FIG. 1. A simplified classical correlated imaging system. A par-
tially coherent source is split into two beams by the beam splitter
BS. One transmits through the test system �ht� and the other through
the reference system �hr�. Two detectors Dt and Dr record the in-
tensity distribution. A correlator is used to measure the correlation
function of intensity fluctuations.
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� dx1��x1,x2��n�x1� = �n�n�x2� .

The eigenvalues are real and satisfy �0��1 . . . �0, and the
eigenfunctions form an orthonormal set,

� dx�n
*�x��n�x� = �nm.

Now, we use the coherent-mode representation to analyze the
correlated imaging schemes. Substituting Eq. �2� into Eq.
�1�, we have

G�yr,yt� = �� dx1dx2	
n

�n�n
*�x1��n�x2�ht

*�x1,yt�hr�x2,yr��2

= �	
n

�nfn
*�yt�gn�yr��2

, �3�

where

fn�yt� =� dx1ht�x1,yt��n�x1� ,

and

gn�yr� =� dx2hr�xr,yt��n�xr� . �4�

Due to the orthonormal properties of �n�x�, both ht and hr

can be expanded as

ht�x1,yt� = 	
n

fn�yt��n
*�x1� ,

hr�x2,yr� = 	
n

gn�yr��n
*�x2� . �5�

Equation �3� is the key formula in this paper. The two-
dimensional integral representation Eq. �1� is reduced to a
one-dimensional summation representation Eq. �3�, which
states that the image is the superposition of many coherent
images. Since gn is independent of the unknown object,
gn�yr� contains no information of the object, if only one co-
herent mode contributes significantly, then we cannot obtain
an image of the object on the reference detector Dr. On the
other hand, the superposition of a large number of coherent
modes can provide enough information of the unknown ob-
ject, then a nonlocal image of the object can be generated. In
fact, if hr has the unitary property, it is easy to show that
gn�yr� also form an orthonormal set. Thus, the greater the
number of significant coherent modes, the more information
about the object is contained in the correlated image. Further,
since the image crucially relies on the distribution of the
eigenvalues �n, we find �n plays the role of optical transfer
function in the conventional imaging systems.

Now we use this new theory to analyze several typical
examples of correlated imaging schemes: ghost diffraction
�8,11�, ghost imaging �8,11�, and lensless ghost diffraction
�6,17�. We show how the imaging quality relates to the
coherent-mode representation of the source.

In the case of ghost diffraction, both the test and reference
system are 2f imaging systems �8�. So we have

ht�x1,yt� = t�x1�exp�− ix1ytk/f� ,

hr�x2,yr� = exp�− ix2yrk/f� ,

where t�x1� is the complex transmission function of the un-
known object, k=2� /� is the wave number, and f is the
focal length of the lens. By simple calculation, from Eq. �4�,
we find

gn�yr� =� dx2 exp�− ix2yrk/f��n�xr� = 	n�yrk/f� ,

where 	n�q� is the Fourier transform of �n�x�, then the cor-
related image �set yt=0� is

G�yr,0� = �	
n

�nfn
*�0�	n�yrk/f��2

. �6�

According to Eq. �5�,

t�x1� = ht�x1,0� = 	
n

fn�0��n
*�x1� ,

and its Fourier transform is

T�q� = 	
n

fn�0�	n
*�− q� ,

so we have

T*�− q� = 	
n

fn
*�0�	n�q� ,

thus we see that the ghost diffraction �Eq. �6�� is a degraded
image of the object’s Fourier transform. The degraded degree
crucially depends on the distribution of �n. If all eigenvalues
are equal, i.e., �n=�0, the object’s Fourier transform can be
perfectly imaged. If the distribution of �n is sharply de-
creased, only a very limited number of the coherent-mode
components of the object can be imaged, and the image will
greatly deviate from the perfect pattern.

Secondly, we study the case of ghost imaging. In this
example, the test system is not changed, while the reference
system is replaced by a 4f imaging system �8�,

hr�x2,yr� = ��x2 + yr�exp�− ik
x2
2/2f� .

Then from Eq. �4�, we have

gn�yr� =� dx2��x2 + yr�exp�− ik
x2
2/2f��n�xr�

= �n�− yr�exp�− ik
yr
2/2f� ,

and the correlated image �set yt=0� is

G�yr,0� = �	
n

�nfn
*�0��n�− yr��2

. �7�

Since
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t�− x1�* = ht�− x1,0�* = 	
n

fn�0�*�n�− x� ,

we see a degraded image of the object is generated. For very
small eigenvalues, the corresponding components of the ob-
ject fn

*�0��n�−yr� cannot be well imaged. But for those �n

��0, the corresponding components of the object can be
imaged perfectly well.

In the third case, we analyze the lensless ghost diffraction
scheme �6,17�. Here, only free-space Fresnel diffractions are
considered as follows:

ht�x1,yt� = t�x1�exp�− i��x1 − yt�2/�z� ,

hr�x2,yr� = exp�− i��x2,yr�2/�z� .

From Eq. �5�,

ht�x1,0� = t�x1�exp�− i��x1�2/�z� = 	
n

fn�0��n
*�x1� ,

then

t�x1� = 	
n

fn�0��n
*�x1�exp�i�x1

2/�z� ,

so the ghost image �set yt=0� is

G�yr,0� = �	
n

�nfn
*�0� � dx2�n�x2�e−i�x2

2/�zeix2yrk/z�2

.

�8�

Compared with

T�q� = 	
n

fn�0� � dx1�n
*�x1�ei�x1

2/�ze−ix1q,

we can see in the lensless ghost diffraction scheme, the cor-
related image is also a degraded image of the object’s Fou-
rier transform, and the degradation is also determined by �n.

III. NUMERICAL RESULTS

In this section, numerical examples are given to demon-
strate our theoretical analysis. The source is supposed to be
described by the Gaussian Schell model,

��x1,x2� = exp�−
x1

2 + x2
2

4
s
2 
exp�−

�x1 − x2�2

2
g
2 
 , �9�

where 
s and 
g are two parameters to characterize the size
and the coherence of the source. The coherent-mode repre-
sentation of such a kind of Gaussian Schell-model source has
been given in literatures �18�. The normalized eigenfunctions
and the eigenvalues are

�n�x� = �2c

�

1/4 1

�2nn!
Hn�x�2c�e−cx2

,

�n = � �

a + b + c

1/2� b

a + b + c

n

, �10�

where Hn�x� are the Hermite polynomials and a= 1
4
s

2 , b

= 1
2
g

2 , c=�a2+2ab. The distribution of �n is determined by
the parameter q=
g /
s.

In our numerical simulations, we consider two kinds of
objects: one is a single slit with the width W; the other is a
double-slit object with the width W and the distance between
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FIG. 2. �Color online� Numerical examples for q=0.005 and
a=0.008/W2. �a1� The first 1000 eigenvalues �n. �a2� The first
1000 coefficients fn�0� of a single-slit object in the ghost imaging
and ghost diffractions schemes. �a3� The first 1000 coefficients
fn�0� of a single-slit object in the lensless ghost diffractions
schemes. �a4� The first 1000 coefficients fn�0� of a double-slit ob-
ject in the ghost imaging and ghost diffractions schemes. �a5� The
first 1000 coefficients fn�0� of a double-slit object in the lensless
ghost diffractions schemes. �b1� Ghost imaging of a single-slit.
Thick dotted line: the original object 
t�yr�
2; solid line: the image
G�yr ,0�. �b2� Ghost imaging of a double-slit. Thick dotted line: the
original object 
t�x�
2; solid line: the image G�yr ,0�. �c1� Ghost
diffraction of a single slit. Thick dotted line: the Fourier transform
of the object 
T�yrk /z�
2; solid line: the image G�yr ,0�. �c2� Ghost
diffraction of a double slit. Thick dotted line: the Fourier transform
of the object 
T�yrk /z�
2; solid line: the image G�yr ,0�. �d1� Lens-
less ghost diffractions of a single slit. Thick dotted line: the Fourier
transform of the object 
T�yrk /z�
2; solid line: the image G�yr ,0�.
�d2� Lensless ghost diffractions of a double slit. Thick dotted line:
the Fourier transform of the object 
T�yrk /z�
2; solid line: the image
G�yr ,0�.
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these two slits 1.5W. So there are three length parameters: W,

s, and 
g. The imaging quality will depend on the ratios
between these parameters. From the theory given in Sec. II,
we know the images are determined by the distribution of �n
and fn�0� �Eqs. �6�–�8��. Since fn depends on ht�x1 ,yt� and
�n�x�, and �n�x� relies on the parameters 
s,g, all three pa-
rameters W, 
s,g are important to determine fn. On the other
hand, W does not affect �n due to Eq. �10�. Generally speak-
ing, the level of coherence of the illumination is proportional
to 
g /W.

In Fig. 2, we choose q=
g /
s=0.005 and a=0.008/W2,
then 
g=0.028W, 
s=5.59W. The distribution of the eigen-
value �n of the source is shown in Fig. 2�a1�. Because
ht�x1 ,yt� is the same in both ghost imaging and ghost diffrac-
tion schemes, the corresponding fn�0� are plotted in Figs.
2�a2� and 2�a4� for the single-slit and double-slit object, re-
spectively. Since �n has a relative wide distribution, and the
distribution of fn�0� in Figs. 2�a2� and 2�a4� are not very
wide, we find the simulated images in the ghost imaging and
ghost diffraction schemes are very closed to the standard
curves, as shown in Figs. 2�b1�, 2�b2�, 2�c1�, and 2�c2�.
However, ht�x1 ,yt� in the lensless ghost diffraction scheme
has a different formula. We find the corresponding fn�0� has
a wider distribution, as shown in Figs. 2�a3� and 2�a5�, es-
pecially for the double-slit object. Thus, in Fig. 2�d2�, the
differences between the lensless ghost diffraction pattern and
the standard curve are very clear.

Generally speaking, if the distribution of �n is wider than
the distribution of fn�0�, one can obtain high quality ghost

images. On the other hand, if the distribution of fn�0� is
wider than the distribution of �n, then the ghost images will
be significantly degraded. From Eq. �10�, when q is much
smaller than 1, i.e., 
s is very large or 
g is very small, such
as an extended highly incoherent source, �n may have a very
wide distribution, then the imaging quality will be improved.
Another method to improve the imaging quality is to de-
crease the distribution of fn, which can be realized by vary-
ing the values of 
s,g. We use several figures to demonstrate
these discussions.

In Fig. 3, we keep q=0.005 unchanged, but decrease 
s,g
so that a=0.02/W2, 
g=0.0177W, 
s=3.5355W. A source
with these parameters is more incoherent than the source
used in Fig. 2. Compared with Fig. 2, the distribution of fn is
much narrowed, so the imaging quality is greatly improved.
Especially, even the lensless ghost diffraction pattern of the
double-slit object is nearly the same as the standard curve, as
shown in Fig. 3�d2�. Thus, by choosing an appropriate
source, we can obtain very perfect images in all three kinds
of correlated imaging schemes considered in this paper.

Now, in Fig. 4, we keep a=0.02/W2 unchanged, but set
q=0.025, then 
g=0.0884W, 
s=3.5355W. Since 
g in this
case is larger than the values in Figs. 2 and 3, this source is
more coherent than the sources used in Figs. 2 and 3. We find
the images are significantly degraded. The distribution of �n
is narrowed, and fn�0� are enlarged at the same time, so there
are obvious differences between the simulated patterns and
the standard curves. In all our simulations, we find the coef-
ficients fn�0� in the case of lensless ghost diffraction scheme
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FIG. 3. �Color online� The same as Fig. 2, but q=0.005 and
a=0.02/W2.
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FIG. 4. �Color online� The same as Fig. 2, but q=0.025 and
a=0.02/W2.
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have a wider distribution than in the ghost diffraction
schemes, so the ghost diffraction has better imaging quality
than the lensless ghost diffraction. But if we can make q and

g very small, as in the case of Fig. 3, the lensless ghost
diffraction also can produce high quality images.

IV. CONCLUSION

In conclusion, we have proposed a method to analyze
correlated imaging based on the coherent-mode representa-
tion of the partially coherent fields. The correlation function
of intensity fluctuations in two detectors can be written as the
superposition of many coherent images. The nonlocal image
of the object is retrieved from this superposition, and cru-
cially depends on the distribution of the eigenvalues ��n� of

the coherent-mode representation of the source and the de-
composition coefficients (fn�0�) of the objects. When the dis-
tribution of �n is wider than the distribution of fn�0�, high
quality ghost images can be obtained. Three kinds of corre-
lated imaging schemes are analyzed numerically. For the
Gaussian Schell-model source, decreasing q and 
g can im-
prove the imaging quality. The eigenvalue distribution can be
regarded as a kind of optical transfer function and is very
useful in analyzing the imaging quality.
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